INTRODUCTION
The remarkable success of shale gas production in the United States has inspired substantial exploration in many other countries, particularly in China. According to a report by the United States Energy Information Administration (EIA, 2013) , China holds the largest shale gas reserves globally. To secure future domestic energy supplies, the Chinese government has established plans to pursue development of shale gas and has conducted extensive geological surveys and exploration across the country. At present, shale gas has been successfully and commercially developed from the lower Cambrian and lower Silurian shales in or near the Sichuan Basin of South China (Dang et al., 2016) .
The lower Cambrian Niutitang Shale is widely distributed in north-western Hunan province, and is an important source rock for conventional petroleum in South China (Teng et al., 2006; Tan et al., 2011) . More recently, this formation was also recognized as a promising unconventional shale reservoir (Tan et al., 2013) .
Strategic investigations undertaken by the Ministry of Land and Resources have
reported that the total shale gas reserve in north-western Hunan province is approximately 4.81×10 12 m 3 , most of which is found within the Niutitang Shale. Thus, this area has become critically important for shale gas exploration. However, scientific research performed on the Niutitang Shale is minimal when compared to shale gas prospects in the Sichuan Basin, Chongqing, and the Guizhou area Zhang et al., 2015b; Tang et al., 2016) .
In typical shale gas basins within North America, shale gas accumulations are generally controlled by a several factors, including the effective thickness of shale, total organic carbon (TOC) content, thermal maturity, gas content, and brittle mineral content (Curtis, 2002) . The successful development of shale gas has been reported to depend on a combination of geological, geochemical, and engineering properties (Montgomery et al., 2005) . The geological properties of shale plays are essential to making proper assessments of undiscovered hydrocarbon resources, to helping with the accurate application of reservoir analogues, and for the design and execution of exploration programs (Ross and Bustin, 2007; Hackley, 2012) . Compared to conventional reservoirs, shales have significantly lower porosity, permeability, and matrix heterogeneity. The flow processes and related physical mechanisms in shales are thus dramatically different from those in conventional gas reservoirs (Liu et al., 2016) . Successful gas extraction from shale reservoirs relies on the application of new technologies, such as hydraulic fracturing and horizontal drilling Westwood, et al., 2017; Lyu, et al., 2018a and 2018b) . Advances in these technologies have revolutionized shale gas production in the United States, Canada, and China.
In this study, a comprehensive geological characterization of the Niutitang Shale is provided. The TOC content, organic matter type, thermal maturity, mineral composition, physical properties of the reservoir, and gas adsorption capacity of the shale are reported.
Their controls on shale gas development potential are subsequently considered. The generative processes for gas in the Niutitang Shale, and the distribution of porosity within the interval are examined. This investigation provides a comprehensive geologic framework for future shale gas exploration and production in north-western Hunan province.
GEOLOGICAL SETTING
The northwest Hunan province is located in the southeast of the Upper Yangtze Platform in South China (Fig. 1) . The study area experienced a large-scale marine transgression during the latest Precambrian Ediacaran Period. To the early Cambrian, subsidence occurred, and the region developed into a shelf environment during a second transgression (Zhou et al. 2014) .
At this time, a ramp developed from the northwest to southeast .
Sediments, including abundant organic matter from shallow and abyssal environments, were deposited in deep-water shelf environments (Zhou et al., 2014) . The Niutitang Shale occurs at the bottom of the lower Cambrian succession, and has a total thickness ranging from 10 to 200 m (Zhang et al., 2015b) . Lithologies in the lower and middle strata of the Niutitang Shale primarily consist of black shale, carbonaceous and siliceous shales that were principally formed in deep-water marine shelf and bathyal environments (Tang et al., 2016; Lin et al., 2014) . Up section, the Niutitang Shale is dominated by gray to dark gray shale, silty shale, calcareous shale, and limestone, indicative of shallow shelf environments (Tang et al., 2016; Lin et al., 2014) .
MATERIALS AND METHODS
Commercial mining of the navajoite (vanadium oxide) that occurs within the black shales at the base of the Niutitang formation made fresh outcrops available for investigation in working quarries. Samples were collected form the Longshan (LS), Qiliangqiao (QLQ), Guzhe (GZ), Guzhang (GZH), Ganziping (GZP), Shancha (SC), Daping (DP), Yangjiaping (YJP), Majindong (MJD), and Shichaipo (SCP) sections (Fig. 1 ). Shale samples in each section were collected approximately every 10 meters through the vertical profile. A total of 82 representative samples from 10 sections were collected and analyzed in this study.
A series of measurements were performed on the selected samples, including TOC, bitumen reflectance (Rb), kerogen type, X-ray diffraction (XRD), porosity, permeability, methane adsorption isotherm, scanning electron microscopy (SEM), scanning probe microscopy (SPM), and microfocus X-ray computed tomography (μCT).
TOC content was measured using a Leco carbon−sulfur analyzer and reported as Guo et al. (2016) .
Porosity and permeability were measured using an ULTRAPORE-200A Helium porosimeter and an ULTRA-PERMTM200 permeameter, respectively. These measurements were performed at room temperature (~23º C), under normal pressure (~1.025 bar), and with 50% moisture. These analyses were also conducted at the Research Institute of Petroleum Exploration and Development, Langfang Branch, China.
Methane adsorption isotherms were generated for representative, moistureequilibrated samples with different TOC contents under a reservoir temperature of 40 °C. The
Langmuir isotherm was applied to model the gas adsorption capacity shown in equation 1.:
Here, V is the volume of absorbed gas, VL is the Langmuir volume (on the basis of monolayer adsorption), which is the maximum adsorption capacity of the absorbent, P is the gas pressure, and PL is the Langmuir pressure, at which the absorbed gas content (V) is equal to half of the Langmuir volume (VL).
RESULTS

Organic geochemistry
The TOC contents of the 82 shale samples range from 0.6% to 18.2% (Table 1) , with a mean value of 5.2%, demonstrating the Niutitang Shale to have abundant organic matter.
As shown in Table 2 Maceral analysis results indicate that the Niutitang Shale is principally composed of sapropel and pyrobitumen. The source materials of the organic matter were mainly algae and fungi, forming amorphous organic macerals. From this perspective, the organic matter of the Niutitang Shale is mainly an algal kerogen.
Because of the lack of vitrinite in this Early Paleozoic marine shale, the thermal maturity prediction for the Niutitang Shale is based on bitumen reflectance values. On the basis of the correlation equation (Ro=0.3195+0.6790Rb) between the bitumen reflectance (Rb) and the equivalent vitrinite reflectance (equal-Ro) established by Feng and Chen (1988) and Tan et al. (2015) , the equivalent Ro values of the Niutitang Shale samples were calculated and listed in Tables 1 and 2 . These equivalent %Ro values range from 2.5% to 4.3%, with a mean value of 3.2%.
Bulk mineralogy
Mineralogical data are shown in Table 2 and Fig. 4 . Overall, quartz and clay are the major components, while minor constituents include feldspar, calcite, dolomite, and pyrite (Table 2) . Quartz content ranges from 23.2% to 92.0% with a mean of 62.8%, while clay minerals range from 6.8% to 64.6%, with a mean of 26.1%. The total amount of brittle minerals (i.e., quartz, feldspar, calcite, and dolomite) of the analyzed samples is higher than 70.3%, indicating that the brittleness of this shale interval is favorable for hydraulic fracturing to produce shale gas.
Physical properties
Characterization of pores and microfractures
SEM analyses, combined with non-destructive SPM and μCT imaging techniques (see Materials and Methods), were used to evaluate the pores and fractures of shale samples.
Organic-matter pores, inter-particle pores (between grains), intra-particle pores (within mineral grains), interlaminated fractures, and structural fractures were all identified in the shale (Figs. 3, 5-6). Organic-matter pores ( To analyze pore size, pore morphology, and the spatial distribution of pores, fractures, and minerals, three-dimensional (3D) characterization was conducted via μCT method (see Materials and Methods). The shale sample was scanned 531 times along the axial direction to obtain 531 consecutive grayscale images, which were used to produce a reconstruct 3D
virtual datasets of the sample. The 3D reconstruction of the sample via the computer-aided design (CAD) model is shown in Figure 6 . The image-slices in the posterior (P) to anterior (A) direction, the top (T) to bottom (B) direction, and the right (R) to left (L) direction, respectively, are shown in Figure 6a -c. In a typical grayscale image, void spaces (e.g., pores
and fractures) with low CT values appear black, and minerals with high CT values are white, while shale organic matrix with medium CT values are gray (Yao et al., 2009; Xu and Guo, 2014) . As shown in Figure 6 , the spatial distribution of pores, fractures, and minerals were clearly identified, and highly anisotropic in the shale sample. Set of fractures are well developed, some of which were in-filled by minerals. Pores were also well developed, most of which were organized as banded assemblages along fractures.
Porosity and permeability
Porosity and permeability results are presented in Table 3 ; porosity ranges from 0.6% to 8.8%, with a mean value of 4.8%, and permeability ranges from 0.0018 μD to 0.0600 μD, with an average of 0.0182 μD. These values indicate that the Niutitang Shale is characterized by low porosity and ultra-low permeability in the study area. There is no statistically significant correlation between porosity and permeability in the samples analyzed, though higher permeability is generally associated with more porous sediments (Table 3) . This is indicative of a complex pore system in the shale.
Gas adsorption capacity
Methane adsorption experiments were conducted on 3 samples with different TOC and clay contents to determine the gas adsorption capacity. As shown in Figure 7 , the highpressure methane adsorption capacities (the maximum adsorbed gas amount) for the moisture-equilibrated Niutitang Shale samples varied from 2.26 cm 3 /g to 4.53 cm 3 /g, with a mean value of 3.11 cm 3 /g.
DISCUSSION
Organic geochemistry
Organic matter type, richness, and thermal maturity generally control the amount and type of generated hydrocarbons; it follows that TOC has previously been considered to be one of the most critical parameters for shale gas self-generation, storage, and potential evaluation for industrial development (Jarvie et al., 2007; Tan, et al., 2015; Yan et al., 2016a) .
In addition to the current study, the TOC contents of the Niutitang Shale in northwest Hunan province have been reported to be very high, ranging from 0.2% to 23.3%, with a mean of ~5% Liang et al., 2015; Tan et al., 2015; Zhang et al., 2015b; Tang et al., 2016) . In Guizhou province, the average TOC contents of the lower Cambrian shale can be also as high as ~5% (Han et al., 2013; Luo et al., 2014; Zhang et al., 2015a) . Meanwhile, the lower Cambrian shale in the Sichuan Basin and its marginal area has a lower TOC content of only ~3% (Nie et al., 2011; Yang et al., 2014; Yan et al., 2016b) . Thus, the TOC contents of the lower Cambrian shale decrease from the Hunan and Guizhou area to the Sichuan Basin.
The primary reason for this trend appears to be that the Cambrian black shale intervals in Guizhou and Hunan were deposited in deeper water shelf environments, which are more favorable for preservation of organic matter than the shallower water environments represented in Sichuan Basin. Furthermore, nutrient-rich oceanic upwelling supported large numbers of microplankton species in deep-water shelf environments that are conducive to organic matter accumulation (Hu et al., 2014; Zhang et al., 2015a) . All these features suggest that TOC contents are primarily controlled by depositional sedimentary environments.
Compared with the productive shales in the United States (e.g. Barnett shale; Dong et al., 2016) , TOC contents in the Niutitang Shale within the study area are even higher, suggesting that the area is similarly favorable for shale gas exploration.
Kerogen typing for highly mature shales is fraught with difficulty because the original structure of kerogen has been altered by maturation. Results on the composition of organic matter within the Niutitang Shale are in agreement with previous studies demonstrating it to be dominated by algal kerogen (e.g. Wang et al., 2013; Zhou et al. 2014; Tan et al. 2015; Tang et al., 2016) . Teng et al. (2006) and Tan et al. (2011) demonstrated that kerogen δ 13 C values range from -29.1‰ to -31.7‰, with a mean value of -30.43‰, further indicating that its organic matter is dominated by algal kerogen. This is not surprising, given that land plants did not evolve until after the deposition of these lower Cambrian sediments. Moreover, it is also not surprising that the organic material in these shales is derived from marine microfossils (including phytoplankton) and macrofossils, which constitute type I kerogen (Tan et al. 2015) , given their marine setting.
Generation of organic pores is thought to be related to the content of convertible organic carbon, which is controlled by the organic matter type; in particular, algal kerogen contains a high proportion of convertible organic carbon, and can generate more organic pores (Jarvie et al., 2007; Liang et al., 2014) . The kerogen type of the Niutitang Shale is sapropelic (type I), which is highly favorable for organic pore formation and thus shale gas accumulation.
It has been widely documented that the Niutitang Shale has entered an over mature stage (Wang et al., 2013; Tan, et al., 2013 and Liang et al., 2015; Tang et al., 2016) . Leng et al. (2014) reported that the mean Ro values for the Niutitang Shale in the study area can be as high as 3.6%, resulting from the complex and multiple periods of variable thermal alteration. The mean Ro values in the surrounding areas, such as the Sichuan Basin and Guizhou province, are also ~3% (Tan, et al., 2013 and Luo et al., 2014; Hu et al., 2014; Yan, et al., 2016a) . It is worth noting that most of the reported results use the reflectance of bitumen as an indicator of thermal maturity because of the absence of vitrinite in Cambrian-aged shales. Although the calculation method reported by Feng and Chen (1988) has been widely used to obtain an equivalent vitrinite reflectance value based on the bitumen reflectance for lower Paleozoic shales deposited in South China, the transformed data possibly deviate from the real thermal maturity level to a certain degree. Nevertheless, the organic matter in the Niutitang Shale has entered the dry gas window stage. Through RockEval pyrolysis, Tan et al. (2015) found that the remaining organic matter in the shale shows extremely low remaining hydrocarbon potential, further revealing a very high thermal maturity.
During organic matter thermal evolution, a series of physical and chemical reactions occur, including the conversion of organic carbon, the decomposition of organic matter, and the generation of petroleum. Because type I organic matter is highly oil-prone and the organic matter in the Niutitang Shale is over mature and in the dry gas window stage, organic matter within the Niutitang Shale should have been exhausted, and no significant amount of further hydrocarbons should be generated. However, numerous organic pores may be formed by organic matter decomposition, and thus they could provide storage spaces for free gas, and adsorbing sites for adsorbed gas in the shale.
Mineralogy
Results from several studies demonstrate that the mineralogical compositions of the Niutitang Shale in the study area and surrounding areas are characterized by relatively high quartz content (>40%), and the total amount of brittle minerals could account for up to 60% (Tan, et al., 2014a; Yang et al., 2014; Wang et al., 2014; Luo et al., 2014; Hu et al., 2014; Yan et al., 2016a) . These values indicate that most of the Niutitang Shale in the Upper
Yangtze area, and especially in the study area, is of the siliceous type, suggesting that they are favorable for shale gas development.
The Carboniferous Barnett Shale natural gas reservoir in Texas, USA is mainly composed of quartz (35%-60% with an average of 45%), and less than one-third clay minerals, and the total amount of brittle minerals accounts for >60% of the total rock volume (Montgomery et al., 2005; Loucks and Ruppel, 2007; Zhang et al., 2014) . These values are similar to those found in the Niutitang Shale within the study area, as noted here and in previous studies (e.g. Wang et al., 2013; Tan, et al., 2014a; Wang et al., 2014; Tang et al., 2016) .
Tectonic processes and hydraulic fracturing can form large numbers of fractures at various scales within fragile strata; these processes may therefore interconnect isolated pores, and thus create migration pathways within the shale Yan et al., 2016a) . As mentioned previously, the minerals of the Niutitang Shale mainly consist of quartz and clay, and the total amount of brittle minerals within the analyzed samples can exceed 70%. This relatively high content of brittle minerals could facilitate hydraulic fracturing during the exploitation of shale gas.
It is well known that a higher Young's modulus and lower Poisson's ratio are conducive to greater brittleness. Tan et al. (2014a) reported that the measured Poisson's ratio of the lower Cambrian shale in the Upper Yangtze Platform is 0.25, which is lower than that of the Barnett shale (i.e., 0.27) according to Liang et al. (2014) . This demonstrates that the Niutitang Shale in the study area should also respond well to fracturing during future shale gas exploitation.
Petrophysics
The inter-crystalline pores in pyrite framboids are reported to be large enough for the storage of gas molecules (Loucks et al., 2012; Wang et al., 2012) . Pyrite is relatively abundant in the Niutitang Shale, and significant inter-particle pores occur between pyrite framboids and between pyrite crystals and clay flakes (Fig. 5b) . Intra-particle pores (Fig. 5d) are well developed in the clay minerals in the Niutitang Shale; this is likely due to the fact that the clay minerals are composed of illite and mixed layer I/S .
Micropores up to tens of micrometers in diameter may develop during the illitization process (Tan et al., 2013; Wang et al., 2012; Liang et al., 2014) .
The interlaminated fractures most likely originated during diagenesis. They generally occur along the lithological transition zone in horizontally laminated or banded zones, are spatially extensive, and are straight (Loucks et al., 2009 (Tan, et al., 2014a; Hu et al., 2014; Luo et al., 2014; Yang et al., 2014; Zhang et al., 2015a; Yan et al., 2016a) , the Niutitang Shale in the study area exhibits relatively higher porosity, but lower permeability. Compared to the major shales in the United States, the porosity is similar to that of the Barnett Shale, which has ~4.5% porosity but nanodarcy permeability (e.g. Dong et al., 2016) . Although such low permeability could significantly abate shale gas production, high brittle mineral contents in the lower Cambrian shale might be able compensate for this shortcoming by the artificial fractures induced by hydraulic fracturing.
To illustrate the relationship between rock composition and porosity, correlation analysis between contents of TOC, clay, quartz, and porosity was performed on the shale samples. Results reveal that shale samples with well-developed fractures have the highest porosity, even if their TOC contents are very low (Table 3) . SPM and SEM images of interlaminated fractures and structures are useful for confirming this conclusion (Figs. 3e and h, 5e and f). Excluding the effect of fractures in the shale, there is a strong correlation between TOC content and porosity (Fig. 8a) , particularly for shale samples with high TOC contents. This suggests that the organic matter is partly responsible for porosity; this is consistent with results from other studies that show organic matter is an important contributor to micropores (e.g. Tan, et al., 2014a; Wang, et al., 2014; Bu, et al., 2015) . That porosity is positively correlated with clay mineral content is also shown ( Fig. 8b ; R 2 = 0.70). SEM images of intraparticle pores in clay minerals ( Fig. 5c and d ) and fractures between clay mineral layers (Figs. 2f, 5e) also confirm this conclusion. This is in agreement with previous studies that indicate pores hosted by clay minerals are of sizes ranging from mesopores to macropores (Guo et al., 2016) . Additionally, there is a negative correlation between porosity and quartz content (Fig. 8c) , which can be attributed to diagenesis after deep burial during the geological history of the study area.
Relationship between the methane sorption capacity, TOC, and clay mineral content
The methane sorption capacity of the Niutitang Shale in northwest Hunan (3.11 cm 3 /g) is slightly higher than that of the lower Cambrian shale from the Sichuan Basin (2.8 cm 3 /g), or the north-western Guizhou province (3.08 cm 3 /g) (Tan et al., 2014b; Zhang et al., 2015a) .
A strong positive correlation between methane sorption capacity and TOC content in marine shales has been suggested by many studies (Chalmers and Bustin 2008; Han et al., 2013; Gasparik et al., 2014; Wu et al, 2014) . In this study, the large absorbed gas content is generally associated with the organic-rich shale (i.e., sample GZ07; see Fig. 7 ), indicating that the organic matter is partly responsible for adsorbing gas in this shale, a conclusion similar to those obtained by others (e.g. Wang et al., 2014; Tan et al., 2014b) . The greater gas absorption capacities of the shale samples with higher TOC contents are due to micropores associated with the organic components into which the gas can adsorb. In the study area, the Niutitang Shale has a high TOC content, ranging from 0.6% to 18.2%, with a mean value of 5.2%, suggesting high shale gas storage potential. However, for shale samples with low TOC contents (i.e., sample GZP03 and MJD04; see Fig. 7 ), and those with lower TOC contents and higher clay minerals (i.e., sample GZP03; see Table 2 and Fig. 7) , a relatively high gas adsorption capacity was found, indicating that clay mineral content is also responsible for adsorbing gas.
CONCLUSIONS
A variety of analyses were conducted on the lower Cambrian Niutitang Shale from north-western Hunan province to evaluate its shale gas potential. TOC contents range from 0.6% to 18.2% (average 5.2%). Bitumen-derived Ro values are between 2.5% to 4.3% (mean=3.2%), indicating an over mature stage for the shale. These findings suggest that the primary generation of petroleum from organic matter is complete, and that any gas produced from the shale would be the result of secondary cracking. Quartz and clay minerals are the major mineral components of the Niutitang Shale, with a mean content of 62.8% and 26.1%, respectively. Five types of pores and fractures were identified, including organic matter pores, inter-particle pores, intra-particle pores, interlaminated fractures, and structural fractures. The porosity of the Niutitang Shale ranges from 0.6% to 8.8% (mean=4.8%), and the permeability ranges from 0.0018 μD to 0.0600 μD (mean=0.0182 μD). The shale intervals rich in organic matter and clay minerals exhibit higher porosity than the quartz-rich intervals. The gas adsorption capacity of the Niutitang Shale varies between 2.26 cm 3 /g to 4.53 cm 3 /g, with a mean value of 3.11 cm 3 /g under the experimental conditions. Finally, it was revealed that microporous organic matter substantially contributes to gas adsorption. 
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